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Abstract 
Batteries that power electrical vehicles, especially the safety concerns and performance 
limitations, are of significant interest as the thrust for sustainable transportation continues. Li-ion 
batteries are prevalent in these vehicles and many consumer electronics due to their advantages 
over other battery chemistries. Thermal runaway is a major safety concern of batteries that can 
result in fires or explosions, and li-ion architectures are at a higher risk. Limited charge and 
discharge rates contribute to electric vehicles’ inability to fully compete with internal combustion 
engine vehicles. The objective of this research is to transition the use of a reversible shutdown 
membrane separator (RSMS) in a Swagelok cell to a pouch cell, an architecture used in 
commercial applications, and find a cost-effective alternative to gold in RSMS fabrication. 
Through a redox event, a RSMS can operate as an ion source or sink, which can internally and 
reversibly prevent thermal runaway or provide a power boost. 
A novel fabrication method was developed for a three-electrode li-ion pouch cell with a 
RSMS as a third active electrode. The RSMS shape was tailored for a built-in current lead and 
melt tape parameters were optimized for effective sealing between the lead and pouch. Once 
fabricated, charge-discharge cycling and real time testing of the pouch cell with a RSMS was 
performed to examine the cell charge-discharge cycling capacities and validate the RSMS 
worked reversibly for preventing thermal runaway or providing a power boost. Alternatives to 
gold, most of which are common in li-ion batteries (aluminum, nickel, aluminum/titanium, and 
nickel/titanium), were explored in the fabrication of the RSMS. Cyclic voltammetry was used to 
examine the electrochemical function and cyclabilities compared to gold. 
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The charge-discharge cycling capacities of the cell with a RSMS were comparable to 
baseline cells for a reduced state membrane and lower for an oxidized state membrane. Real time 
results showed the RSMS could remove anode current for ~30-60 seconds to prevent thermal 
runaway or provide a power boost for ~60 seconds without changing the constraints of the power 
source or load. Nickel was determined to be a feasible candidate to replace gold due to 
fabrication ease and a reasonable filling efficiency of 31.9% compared to gold’s 42.5%. This is 
the first technique (to our knowledge) for fabricating three electrode pouch cells with a third 
active electrode. This fabrication technique for three active electrode pouch cells could be used 
for different third active electrodes to expand the capabilities of battery cells. The use of an 
active membrane separator could be extended to implement other types of active membrane 
separators instead of standard passive separators. Li-ion pouch cells or other battery architectures 
with a RSMS will provide enhanced safety with thermal runaway protection and improved 
performance capability with power boost functionality. 
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Chapter 1: Introduction 
1.1: Lithium-ion Batteries and the Limitations 
 With the ever-growing concerns of climate change, emissions, and sustainability, 
batteries continue to become more prevalent. Lithium-ion batteries are often the battery 
chemistry of choice due to high energy and power density [1]. An overview of lithium-ion 
battery operation is shown in Figure 1. 
Some standard battery packaging types are shown in Figure 2. Cylindrical cells are the 
most standardized of the different packages, and both cylindrical and prismatic cells include 
significant amounts of structural material in them. Pouch cells have very little structural material 
 
Figure 1: Standard two electrode lithium-ion battery operation. 
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which results in a nearly maximized packaging density (ratio of active to inactive materials) [2]. 
Due to the nearly maximized packaging density, there is significant interest in pouch cells. 
However, there are still concerns and limitations of lithium-ion chemistries. Thermal 
runaway is a major safety concern with the potential to cause battery fires or explosions [3]. 
Thermal runaway is caused by a chain reaction initiated with a temperature rise in the cell, 
typically resulting from an internal short [4]. As the cell temperature increases, side reactions 
begin such as the decomposition of the solid electrolyte interface (SEI) at the anode. These side 
reactions release more heat, further increasing the temperature which in turn increases the rate of 
the side reactions. This loop results in the temperature of the cell to continue to increase leading 
to a fire or explosion. The resulting catastrophe from thermal runaway in lithium-ion batteries 
will often be in widespread news such as the Samsung Note 7 batteries exploding or Tesla 
vehicles catching on fire. 
 
Figure 2: Structure of different battery packaging types. 
[Source: Johnson Matthey Battery Systems] 
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 Another limitation of lithium-ion batteries is the C-rates for charging and discharging. C-
rates are normalized charging/discharging rates for the battery capacity such that a 1C rate 
corresponds to a one-hour charge/discharge, 1/2C corresponds to a two-hour charge/discharge 
and so on. Increasing the C-rate by merely increasing current leads to more losses from the 
greater heat generation and increases the risk for thermal runaway. The increase in C-rate also 
results in a sharp decline in battery capacity [5]. This is a fundamental limitation for many types 
of electrochemical energy systems as shown in Figure 3. This limitation is a major factor in 
commercial electric vehicles compromising on driving range versus recharge time compared to 
internal combustion engine vehicles. Delayed mass market adoption of electric vehicles could in 
part be due to this compromise, where an internal combustion engine vehicle only takes a few 
minutes to fuel up for hundreds of miles of range, an electric vehicle will take a few hours to 
charge. The miles per minute (MPM) for electric versus internal combustion engine vehicles is 
shown in Figure 4. This metric is how many miles of range a vehicle has per minute of 
recharging/refueling time. 
 
 
Figure 3: Ragone plot comparing the specific power and specific energy of electrochemical 
energy systems to traditional combustion energy systems [6]. 
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1.2: Current Methods to Counteract Thermal Runaway 
 A few methods currently exist for counteracting thermal runaway in lithium-ion batteries, 
however, these methods either do not internally prevent the flow of ions or are irreversible. A 
thermoresponsive polymer switching material (TRPS), shown in Figure 5, becomes 
nonconductive at a transition temperature corresponding to near thermal runaway conditions and 
returns to normal conductivity at room temperature [8]. This does not prevent the flow of ions 
and as a result requires accurate prediction of the temperature before thermal runaway would 
begin. Two methods that do prevent the flow of ions are thermally activated additives or 
shutdown separators. Both methods are irreversible, permanently disabling the battery. 
Thermally activated additives, shown in Figure 6, sit on top of the electrode material and at the 
transition temperature melt to coat the electrodes rendering them non-conductive [9]. The 
shutdown separator, shown in Figure 7, starts to melt at the transition temperature to cover up the 
pores [10]. 
 
Figure 4: Plot of electric vehicles range (miles) versus recharge time (min) giving a metric of 
miles per min (MPM) for comparison against internal combustion engine vehicles [7]. 
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Figure 6: Thermally activated additive (PE microcapsules) [9]. 
 
Figure 7: Shutdown separator [10]. 
 
Figure 5: Thermoresponsive polymer switching material (TRPS) on Al current collector [8]. 
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1.3: Reversible Shutdown Membrane Separator 
 A reversible shutdown membrane separator (RSMS) [11], which is an ionic redox 
transistor [7] applied as the membrane separator in a battery, can internally and reversibly 
counteract thermal runaway by preventing ion flow between electrodes. The RSMS can also 
provide periods of high-power charge or discharge, increasing the effective C-rate without 
sacrificing the capacity of the battery. Applications of this capability include rapid charging or 
discharging of the battery. An outline of the construction and operation of an ionic redox 
transistor as a RSMS is shown in Figure 8. PPy(DBS) is a conducting polymer that is redox 
active, which enables the functionality of the RSMS. Based on the potential or current applied 
across the RSMS, it will undergo a reduction or oxidation event. During reduction there is cation 
ingress so the RSMS acts as an ion sink. In the operation of a lithium-ion battery, the RSMS will 
deplete Li+ ions at whichever electrode it is reduced against. During oxidation there is cation 
egress so the RSMS acts as an ion source. The RSMS will provide excess Li+ ions to whichever 
electrode it is oxidized against. 
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1.4: Research Goals 
 The overarching goal of this research is to develop a reliable fabrication process for 
three-electrode lithium-ion pouch cells with a RSMS and characterize the performance of these 
cells. The capability to internally and reversibly counteract thermal runaway as well as provide 
periods of high-power charge or discharge will be demonstrated. Cost reduction will also be 
pursued by exploring alternative metal substrates to gold in the construction of the RSMS. 
 
 
 
 
 
 
  
 
Figure 8: Dodecylbenzenesulfonate doped polypyrrole (PPy(DBS)) ionic redox transistor 
structure and function as a RSMS (called smart membrane separator in this figure) [7]. 
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Chapter 2: Methods 
2.1: Baseline Li-ion Pouch Cells 
2.1.1: Fabricating Baseline Cells 
Standard two electrode pouch cells were fabricated to learn the fabrication process and 
serve as baseline cells to compare the charge-discharge cycling performance of the pouch cells 
with a RSMS to. Graphite on copper foil was used as the anode, NMC111 on aluminum foil was 
used as the cathode, and Celgard 2400 polypropylene was the battery separator material used. 
The weld tabs used were 4mm width nickel tabs and aluminum tabs. Strapping tape for pouch 
and cylinder cells was used as the battery tape. The battery electrolyte used was EC:DMC (1:1 
w:w) with 1M LiPF6. Aluminum laminated film was used for the pouch cell case. One Celgard 
layer in between the anode and cathode corresponds to a standard two electrode pouch cell 
construction. Two Celgard layers represents the additional separator layer introduced in the 
construction of a pouch cell with a RSMS. The process used for fabricating the two electrode 
pouch cells is shown in Figure 9. 
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The electrodes were prepared by cutting to size, 1 inch by 1 inch with a tab for welding 
the weld tabs to, electrode material scraped off the tabs, and weld tabs ultrasonic welded using an 
MTI MSK-800W ultrasonic welder to the back side of the exposed current collector tab. The tabs 
were cutout on the same side so that when the electrodes are facing each other the tabs will be on 
opposite sides. The weld tabs were chosen to be ultrasonic welded to the back side of the current 
collector tabs because electrode material residue would remain on the front side which would 
require additional steps to completely remove. 
 
Figure 9: Baseline pouch cell fabrication process (grid sizes 0.2in x 0.2in). 
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A strip of Celgard was cut sufficiently long for winding it in the corresponding stacking 
schematic and slightly wider than 1 inch to fully cover the electrode areas. The electrodes and 
Celgard were then assembled according to the stacking schematics with the electrodes aligned 
facing each other, battery tape was used to secure the stack, and any excess length of Celgard 
was cut. Laminated aluminum was then cut to size, 2 inches by 4 inches, and folded short edge to 
short edge with the shinier side facing inward. The electrode and separator stack and laminated 
aluminum were then transferred into a glove box for final assembly. With the stack inside the 
laminated aluminum and the edge of the stack along the fold, the tops of the weld tab melt tapes 
were aligned with the top edge of the laminated aluminum and sealed with the MTI MSK-115-III 
3-in-1 hot sealer shown in Figure 10. The bottom edge of the laminated aluminum was then 
sealed with the hot sealer. 400 μL of electrolyte was injected into the pouch, worked in from the 
pouch exterior to facilitate wetting of stack, and the final edge was vacuum sealed. Additional 
pouch space was left beside the electrode and separator stack. This is traditionally temporary 
pouch space for gas release during the initial cycle which is punctured to release the gases, then a 
vacuum seal is formed next to the stack and the temporary pouch space is removed. For a single 
layer pouch cell this is not necessary as there is negligible release of gases during the first cycle. 
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2.1.2: Cycle Testing Baseline Cells 
 The baseline pouch cells were tested using the MTI BST8-MA eight channel battery 
analyzer, shown in Figure 11, with charge-discharge cycling for the C-rates shown in Table 1 for 
potentials between 2.8V and 4.2V. The corresponding currents for a specific C-rate were 
calculated using Equation 1. The rated specific capacity of the cathode was 2 mAh/cm2 and the 
anode was 2.4 mAh/cm2, thus the cathode was the limiting capacity and used in the calculations 
for current. A C-rate of 0.775C was the max C-rate the battery tester could provide due to its 
max current of 10mA and the size of the pouch cell electrodes. Since newly fabricated pouch 
cells start in the discharged state, each cell first went through a C/12 charge, then began the 
cycling. A complete set of cycles consisted of four discharges and charges at each C-rate. 
 
Figure 10: MTI MSK-115-III 3-in-1 hot sealer. [Source: MTI] 
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Figure 11: MTI BST8-MA eight channel battery analyzer. [Source: MTI] 
C-rate Corresponding Current (mA) 
C/12 1.075 
C/8 1.6125 
C/4 3.225 
C/2 6.45 
0.775C 10 
 
Table 1: C-rates and the corresponding current. 
 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐶𝐶𝐶𝐶𝑆𝑆𝐶𝐶𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶 ∗ 𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (1) 
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2.2: Li-ion Pouch Cells with Gold-Based RSMS 
2.2.1: Fabricating Gold-Based RSMS 
The fabrication of the gold-based RSMS follows the same steps as the fabrication of the 
RSMS used in Swagelok cells [11] which is at its core on ionic redox transistor technology [7]. 
The general process of RSMS fabrication is shown in Figure 12 with a PPy(DBS) 
electropolymerization charge density of 0.3 C/cm2. The RSMS fabricated for the pouch cell was 
a square profile 1.125 by 1.125 inch with a 0.125 inch bezel around the desired 
electropolymerization area and a long current lead instead of the circular profile that was used in 
Swagelok cells. 
 
 
 
Figure 12: Membrane separator fabrication steps [11]. 
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 The RSMS shape was tailored to have a built-in current lead to provide external electrical 
connectivity as the gold sputtered Celgard was incompatible for ultrasonic welding with the weld 
tabs. Hot melt adhesive tape was added to the RSMS current lead for effective sealing along the 
pouch edge. The gold sputtered Celgard could not withstand the recommended melt tape 
parameters of 175°C at 300kPa for 3 seconds, so the parameters had to be swept through until a 
temperature, pressure, and time that effectively sealed the melt tape together without destroying 
the gold sputtered Celgard were found. The parameter testing was done on sample strips of gold 
sputtered Celgard. Successful parameters were determined with visual inspection of the melt tape 
seal formed and manually applying a small pulling force to attempt to separate the tape. 
Qualitative inspection was sufficient as the melt tape would undergo additional sealing with the 
hot seal of the top edge of the pouch during pouch cell fabrication. The RSMS with melt tape is 
shown in Figure 13. The bezel surrounding the electropolymerization area has been trimmed 
although not required. 
 
Figure 13: Fabricated gold-based RSMS with melt tape for pouch cell. 
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2.2.2: Fabricating Cells with Gold-Based RSMS 
The fabrication process for pouch cells with a RSMS shares many of the same steps as 
the baseline pouch cells. The electrodes were prepared the same as for the baseline pouch cells. 
Incorporating the RSMS, prepared as described in the previous section, into the stack was the 
main difference compared to the baseline cells. The melt tape on the RSMS current lead was 
trimmed to fit between the melt tapes of the electrode weld tabs. A strip of Celgard was cut 
sufficiently long for winding it in the stacking schematic and slightly wider than 1.125 inches to 
fully cover the RSMS active area. The fabrication process starting from the stacking step is 
shown in Figure 14. The electrodes, RSMS, and Celgard were then assembled according to the 
stacking schematic with the electrodes aligned facing each other, centered with the RSMS active 
area, and the RSMS active area facing the anode. A layer of Celgard was added in between the 
active area of the RSMS and anode to prevent an electrical short between the RSMS and Li+ SEI. 
The back side of the RSMS, facing the cathode, was plain Celgard so an additional layer was not 
needed in between. In the single layer pouch cells created by hand, the RSMS was a separate 
component from the Celgard strip wound in the stacking schematic. In a roll-to-roll process for 
mass production, the RSMS would be part of the Celgard strip wound through the anode and 
cathode. With the stack including the RSMS complete, the laminated aluminum pouch 
preparation, electrolyte injection, and sealing were performed the same as the baseline pouch 
cells. 
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2.2.3: Characterization of Cells with Gold-Based RSMS 
 The charge-discharge cycling of the cells with the gold-based RSMS were performed 
similar to the cycling of the baseline cells. For steady-state charge-discharge cycling of the cell, 
the RSMS could be placed in the reduced or oxidized state. A complete set of cycles for a given 
redox state consisted of C/12 and C/4 C-rates which was performed with the membrane in the 
reduced state then repeated with the membrane in the oxidized state for multiple sets of cycles. 
After each set of cycles for a given membrane redox state, cyclic voltammetry was performed to 
monitor the membrane health, then chronoamperometry was performed to place the membrane in 
the desired redox state for the next set. Cyclic voltammetry and chronoamperometry were 
performed using the Ivium Technologies pocketSTAT, shown in Figure 15, as a potentiostat. In 
between some of the sets of cycles with the membrane in the reduced then oxidized states, real-
time tests were performed in which the RSMS was reduced or oxidized versus the anode or 
cathode during a charge or discharge. 
 
Figure 14: RSMS stacking schematics, stack, and finished pouch cell (grid size 0.2in x 0.2in). 
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The circuit diagram for the setup of the real-time tests is shown in Figure 16. The 
components are the battery tester, the pouch cell with its cathode (+), RSMS (dashed line), and 
anode (-), and the potentiostat (PSTAT). The diagram on the left with the potentiostat connected 
to the RSMS and anode is the circuit for redox events of the membrane versus the anode. The 
diagram on the right with the potentiostat connected to the cathode and RSMS is the circuit for 
redox events of the membrane versus the cathode. 
Figure 17 on the next page shows the charging circuit diagram with the membrane in 
open circuit on the left and membrane reduction versus the anode on the right. This real-time 
mode is desirable for counteracting thermal runaway. Thermal runaway during charging of a 
 
Figure 15: Ivium Technologies pocketSTAT. [Source: Ivium Technologies] 
 
Figure 16: Circuit diagram for real-time tests. 
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battery typically begins at the anode so removing the current at the anode is desired to halt these 
reactions. More details on thermal runaway can be found in Section 1.1. Membrane reduction 
versus the anode achieves this by actively depleting Li+ ions at the anode and diverting the 
charging current through the membrane, effectively shutting down the charging of the battery for 
a period. Also, with the anode as the counter/reference electrode no additional energy was 
required for the membrane reduction. The real-time test was performed by starting with the 
pouch cell discharged, then a one-hour charging cycle was initiated with the membrane in open 
circuit. During charging, the membrane was reduced versus the anode by diverting current from 
the battery tester through the membrane. After the reduction event was complete, the membrane 
was returned to open circuit and the charging cycle continued. This test was performed for both a 
constant voltage charge at 4V and a constant current charge of C/4. 
 Figure 18 and Figure 19 show the discharging circuit diagrams for real-time tests of 
providing periods of higher power discharge. These real-time modes are desirable for providing 
additional power during events such as take-offs and accelerations. Figure 18 on the next page 
shows the discharging circuit diagram with the membrane in open circuit on the left and 
membrane oxidation versus the anode on the right. Membrane oxidation versus the anode 
 
Figure 17: Charging circuit diagram for membrane reduction versus the anode. 
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enables higher power discharge by providing excess Li+ ions at the anode. This results in a 
decreased anode current and increased cathode current providing a burst of additional current 
that can be used by the load. The real-time test was performed by starting with the pouch cell 
charged, then a one-hour C/4 constant current discharge cycle was initiated with the membrane 
in open circuit. During discharging, the membrane was oxidized versus the anode by passing 
current from the membrane through the control circuitry. After the oxidation event was 
complete, the membrane was returned to open circuit and the discharging cycle continued. 
 
 Figure 19 on the next page shows the discharging circuit diagram with the membrane in 
open circuit on the left and membrane reduction versus the cathode on the right. Membrane 
reduction versus the cathode enables higher power discharge by depleting Li+ ions at the 
cathode. This results in an increased anode current and decreased cathode current providing a 
burst of additional current that can be used by the load. The real-time test was performed by 
starting with the pouch cell charged, then a one-hour 715Ω constant resistance discharge cycle 
was initiated with the membrane in open circuit. A constant resistance discharge was used to 
demonstrate both the discharging current and voltage could increase, since the battery tester 
 
Figure 18: Discharging circuit diagram for membrane oxidation versus the anode. 
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could not provide a constant voltage discharge. During discharging, the membrane was reduced 
versus the cathode by diverting current from the cathode through the membrane. After the 
reduction event was complete, the membrane was returned to open circuit and the discharging 
cycle continued. Unlike membrane reduction versus the anode during charging, some energy 
input is required for membrane oxidation versus the anode or reduction versus the cathode during 
discharging.  
2.3: Alternative Metals for RSMS Cost Reduction 
 The RSMS made with gold would quickly become cost prohibitive for production as 
passive membrane separators account for approximately 26% of standard lithium-ion cell cost, 
so a cheaper alternative metal in the fabrication is desired [12]. Alternative metals explored were 
aluminum, nickel, and each with a top layer of titanium added. Aluminum and nickel were 
chosen due to their low cost, traditional use in lithium-ion batteries, and stability in electrolyte at 
the potentials the RSMS would be operating at. Aluminum sputter targets are around 6.1 times 
cheaper and nickel sputter targets are around 4.7 times cheaper than gold [Source: Ted Pella]. A 
top layer of titanium on both aluminum and nickel was explored because findings in literature 
showed the titanium oxide layer formed is highly conductive and thus desirable for 
 
Figure 19: Discharging circuit diagram for membrane reduction versus the cathode. 
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electropolymerization [13]. These metals were deposited on Celgard using the AJA Orion 
RF/DC Sputter Deposition Tool in the cleanroom at Ohio State’s Nanotech West Laboratory. 
After deposition, SEM images were taken to ensure the Celgard pores were not covered up by 
the thickness of metal deposited. Strips of each metal sputtered Celgard were cut and 
electropolymerization trials were done with the setup shown in Figure 20. Solutions of 0.2M to 
0.6M pyrrole and 0.1M NaDBS at potentials of 0.5V to 0.75V were used for the trials. Cyclic 
voltammetry was performed with the setup shown in Figure 21 on the most promising 
electropolymerized samples to examine the redox behavior and filling efficiency of the samples. 
 
 
 
 
 
 
 
 
 
Figure 20: Setup for electropolymerization trials. 
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2.4: Li-ion Pouch Cells with Nickel-Based RSMS 
2.4.1: Fabricating Nickel-Based RSMS 
 To create a nickel-based RSMS, first the nickel deposition would have to be in the 
desired pattern. To achieve this, a mask was made with 3 cutouts of the desired pattern out of 
304 stainless steel. The deposition pattern was the same dimensions as the pattern for the gold-
based RSMS. The material used for the mask had to be cleanroom approved material, thus 304 
stainless steel was used. To increase the consistency between RSMS cutouts, laser cutting was 
preferable. An Epilog Laser Fusion 75W CO2 laser cutter in the Scott Laboratory Research Shop 
was used to laser cut the Celgard profiles. A speed of 14 percent, power of 4 percent, and 
frequency of 40 percent were used.  
Figure 21: Cyclic voltammetry setup for electropolymerized samples. 
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 To aid in alignment and hold the Celgard flat for laser cutting, a die was also made from 
304 stainless steel. The mask and die cutouts were made with a waterjet cutter, shown in Figure 
22, in the Baker Systems Engineering Machine Shop. The dimensions for these parts are given in 
their drawings in Appendix A in Figure A1 and Figure A2. 
The finished mask and die are shown below in Figure 23. For depositing nickel, Celgard was 
placed behind the mask on the sputter stage. The deposition is shown with the mask and Celgard 
still on the sputter stage on the left and the mask removed on the right in Figure 24. The die, 
Celgard, and mask stacked for laser cutting is shown in Figure 25 on the left and the laser cut 
profiles on the right. 
  
 
Figure 22: Waterjet Cutter. 
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I  
  
 
Figure 24: Images after nickel deposition on Celgard (grid size 0.2in x 0.2in). 
(note the mask corners were trimmed to fit on sputter stage) 
 
Figure 23: Mask and die pictured separately and stacked (grid sizes 0.2in x 0.2in). 
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 The PPy(DBS) electropolymerization for the nickel-based RSMS was performed the 
same as for the gold-based RSMS. The nickel-based RSMS is shown in Figure 26 before 
PPy(DBS) electropolymerization on the left and after electropolymerizing PPy(DBS) to a charge 
density of 0.3 C/cm2 on the right. Melt tape was added to the nickel-based RSMS as well, shown 
in Figure 27. 
 
 
Figure 26: Nickel-based RSMS before and after PPy(DBS) electropolymerization. 
(note this first sample was cut by hand) 
 
Figure 25: Die, nickel sputtered Celgard, and mask stacked together for laser cutting (left) 
and laser cut out profiles (right). 
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2.4.2: Fabricating Cells with Nickel-Based RSMS 
 Pouch cells with a nickel-based RSMS were fabricated the exact same way as with the 
gold-based RSMS, the only difference being the type of RSMS included in the stack. The stack 
with the nickel-based RSMS is shown in Figure 28 on the left and the finished pouch cell on the 
right. 
 
 
Figure 27: Fabricated nickel-based RSMS with melt tape for pouch cell (grid size 0.2in x 0.2in). 
 
Figure 28: Stack with nickel-based RSMS (left) and finished pouch cell (right). 
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2.5: Conclusions 
 In this chapter, the fabrication methods for baseline pouch cells and the RSMS were 
investigated. The necessary changes for reliably fabricating a pouch cell with a gold-based 
RSMS were developed. Charge-discharge cycling was performed on the baseline cells and the 
cell with a gold-based RSMS for comparison. Real-time testing of the pouch cell with the gold-
based RSMS was performed to verify the shutdown and power boost capabilities. For cost 
reduction, alternative metals to gold in the fabrication of the RSMS were explored. The 
fabrication process was developed for a nickel-based RSMS, one of the alternatives to gold, and 
a pouch cell with this RSMS.  
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Chapter 3: Results 
3.1: Baseline Pouch Cells 
 The baseline pouch cell cycle data for 1 Celgard layer is shown in Figure 29. The left y-
axis and blue data are the specific capacity, the right y-axis and red data are the specific energy. 
The dashed black line at a specific capacity of 160 mAh/g is the theoretical maximum specific 
capacity of the cell, since the cathode’s rated specific capacity of 160 mAh/g was the limiting 
specific capacity. As the C-rate increased from C/12 to 0.775C the capacity drops, which is 
typical of simply increasing the C-rate. The specific capacity and energy gradually decreased as 
the cell was cycled, which again is typical of batteries. Note cycles 41 through 240 are omitted in 
the plot to show the difference in capacity for the beginning cycles versus hundreds of cycles 
later. The baseline cell with 1 Celgard layer was made first and went through 280 cycles to 
examine the degradation of single layer pouch cells able to be fabricated. The capacity for C/12 
was approximately 67% and 0.775C was approximately 55% of the initial capacity. 
 
Figure 29: Cycle data for baseline pouch cell with 1 Celgard layer. 
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 The cycle data for the baseline cell with 2 Celgard layers is shown in Figure 30. The 
capacities are very comparable to the cell with 1 Celgard layer, which suggests the additional 
Celgard layer has little impact. The initial set of cycles for the cell with 2 Celgard layers are 
slightly lower than the cell with 1 Celgard layer for the lower C-rates, and slightly higher for the 
higher C-rates. The capacity of the cell with 2 Celgard layers slightly increases over some of the 
C-rates in the first set of cycles and starts out greater for the second set of cycles. This could be 
due to the separators and electrodes not being fully wetted by the electrolyte initially and 
subsequently wetted during the initial cycles. Variation in the actual specific capacity of the 
electrodes can also contribute to differences between different pouch cells. Electrode sheet 
specific capacities are based on the average from a large sheet of the electrode, so individual 
cutouts from the sheet could slightly vary. Also, the cutouts were done by hand for these cells so 
small variations in size could also be present. 
 
Figure 30: Cycle data for baseline pouch cell with 2 Celgard layers. 
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3.2: Gold-Based RSMS Pouch Cell 
3.2.1: Melt Tape Parameters 
 As discussed in section 2.2.1, the melt tape sealing temperature, pressure, and time had to 
be swept through to find the optimal temperature, pressure, and time as shown in Table 2 on the 
next page. First the temperature was stepped down from the manufacturer recommended 
parameters in trial 1. For trial 2 the temperature and pressure were both stepped down, with the 
pressure the minimum required for the melt press to clamp together. The melt tape did not seal, 
so the time was increased up to 120 seconds. Longer than 120 seconds was not desirable, so the 
temperature was increased until the minimum required to effectively seal the melt tape. To 
obtain a faster sealing time, the temperature was further increased and then the pressure was 
increased up to the manufacturer recommended pressure. Once the temperature of 130°C and 
pressure of 300kPa were found to be optimal, the time was further adjusted to find the optimal 
sealing time of 15 seconds. 
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3.2.2: Charge-Discharge Cycles 
 The pouch cell with the gold-based RSMS cycle data is shown in Figure 31. The 
membrane was in the reduced state throughout the green portions of the plot and was in the 
oxidized state throughout the red portions. The vertical dashed green or red lines indicate when a 
cyclic voltammetry and chronoamperometry was done on the membrane. Each cyclic 
voltammetry was performed to ensure the membrane continued to exhibit the desired redox 
behavior and each chronoamperometry was performed to place the membrane in the desired 
redox state for the following cycles. The capacity of the cell for C/12 with the membrane in the 
reduced state was comparable to the baseline cells. For C/4 with the membrane in the reduced 
state the capacity was lower than the baseline cells. The capacities of the cell with the membrane 
in the oxidized state were lower than the reduced state, with a greater decrease for C/4. The 
Trial Temperature (°C) Pressure (kPa) Time (s) Result 
Manufacturer 
Recommended 175 300 3 Melted sample 
1 145 300 5 Melted sample 
2 115 Min 5 Failed adhesion 
3 115 Min 20 Failed adhesion 
4 115 Min 120 Failed adhesion 
5 118 Min 120 Failed adhesion 
6 121 Min 120 Failed adhesion 
7 125 Min 120 Failed adhesion 
8 128 Min 120 Successful 
9 128 100 60 Minimal adhesion 
10 135 100 20 Minimal adhesion 
11 135 300 10 Successful 
12 130 300 10 Medium adhesion 
13 130 300 20 Successful 
14 130 300 15 Successful 
 
Table 2: Melt tape trials sweeping through temperature, pressure, and time to find parameters 
for effective sealing without destroying RSMS. 
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decrease in capacity from the addition of the RSMS is due to some additional internal resistance 
faced by the ion transport through the membrane. The difference was greater for the oxidized 
state since there is cation egress from the membrane during oxidation resulting in the membrane 
being less open. 
 The vertical dotted black lines indicate when real-time testing was done with the pouch 
cell. Before each real-time test, cyclic voltammetry was performed as was the case for the 
vertical dashed green or red lines. Between cycles 16 and 17, real-time tests 1 (constant voltage 
charge) and 2 (constant current charge) were performed. Between cycles 32 and 33, real-time test 
3 (constant current discharge) was performed. After cycle 48, real-time test 4 (constant resistance 
discharge) was performed. These real-time tests are further discussed in the next section. 
 
Figure 31: Charge-discharge cycle data for pouch cell with gold-based RSMS in reduced and 
oxidized states. 
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 The first cyclic voltammetry is shown in Figure 32. The desired redox behavior of the 
membrane is a clear oxidation and reduction peak. The oxidation peak can be seen around 2.7V 
for the sweep with increasing voltage, and the reduction peak can be seen around 2.4V for the 
sweep with decreasing voltage. 
 The first chronoamperometry shown in Figure 33 on the left was performed after the 
cyclic voltammetry to place the membrane in the desired redox state. The desired redox state in 
this case was the reduced state, so the chronoamperometry was performed at 2V, a voltage past 
the reduction peak. The reducing current starts out large and quickly approaches zero, which 
indicates the membrane is approaching the fully reduced state. The current will never actually 
reach zero, so the chronoamperometry was stopped once a current on the order of μA was 
achieved. The corresponding charge movement compared to the maximum theoretical charge 
movement of the RSMS is shown in Figure 33 on the right, which has a negative sign due to ion 
ingress into the RSMS. If placing the membrane in the oxidized state was desired, the 
 
Figure 32: First cyclic voltammetry of gold-based RSMS. 
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chronoamperometry would be performed at a voltage past the oxidation peak, and the oxidizing 
current would be decreasingly positive instead of decreasingly negative for the reducing current. 
3.2.3: Real-Time Tests 
 Each of the real-time tests performed are described in section 2.2.3. The first real-time 
test, constant voltage charge with a membrane reduction event versus the anode, is shown in 
Figure 34. The cathode and RSMS currents were directly measured by the battery tester and 
potentiostat respectively. The anode current was calculated using Kirchhoff’s current law. 
During the reduction event, the anode current decreased and became negative which means the 
cell was discharging during this period. This was due to an overestimation of how much current 
the battery tester would provide during the reduction event, thus more current than necessary was 
diverted through the RSMS. The reduction in anode current showed the RSMS was able to 
effectively shut down the charging of the cell by removing current at the anode for just over 30 
seconds, which would be desirable in the event of thermal runaway. The total charge transferred 
by the RSMS during the reduction event was 158.1 mC, calculated with Equation 2. 
 
Figure 33: First chronoamperometry to place the membrane in the reduced state (left) and the 
corresponding negative charge from ion ingress compared to the theoretical maximum (right). 
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  The second real-time test was also to demonstrate the ability of the RSMS to shut down 
the charging of the cell in the event of thermal runaway, but this test was performed as a constant 
current charge with a membrane reduction event versus the anode, shown in Figure 35. With a 
constant current charge, the exact amount of current to divert through the RSMS was known. 
During the reduction event, the anode current dropped to zero signifying the charging of the cell 
had been effectively shut down by removing current at the anode. The reduction event lasted 
approximately 60 seconds and the RSMS transferred a total charge of 180.1 mC. The RSMS was 
able to maintain the reduction event longer and transfer more charge before reaching the cutoff 
voltage as less current was diverted through. 
 
 
Figure 34: Real-time 1 – constant voltage charge with a RSMS reduction versus anode. 
 𝑄𝑄 = � 𝑆𝑆 𝑑𝑑𝐶𝐶𝑡𝑡𝑓𝑓
𝑡𝑡𝑖𝑖
 (2) 
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 The third real-time test was a constant current discharge with a membrane oxidation 
versus the cathode shown in Figure 36. This real-time test was to demonstrate high power 
discharge capabilities. During the oxidation event, the discharging current at the anode was 
reduced to zero and the cell potential increased while discharging current was constant. This 
demonstrates that the anode capacity was conserved during the oxidation event and higher power 
discharge was provided since the potential increased and current remained the same. The 
oxidation event lasted just under 60 seconds and the RSMS transferred a total charge of 173.0 
mC. After the oxidation event, the voltage did not follow a similar trend as before the event. This 
suggests there was a large steady-state effect from the membrane, which was now in the oxidized 
state.  
Figure 35: Real-time 2 – constant current charge with a RSMS reduction versus anode. 
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  The fourth real-time test was a constant resistance discharge with a membrane reduction 
versus the cathode shown in Figure 37. This real-time test was also to demonstrate high power 
discharge capabilities, but with both the voltage and current changing. The anode and RSMS 
currents were directly measured by the battery tester and potentiostat respectively. The cathode 
current was calculated using Kirchhoff’s current law. During the reduction event, the cathode 
current was significantly reduced and the magnitude of the current and voltage increased. This 
demonstrates that the cathode capacity was conserved during the reduction event and higher 
power discharge was provided since the potential and current magnitude both increased. The 
reduction event lasted just over 60 seconds and the RSMS transferred a total charge of 207.9 mC. 
 
 
Figure 36: Real-time 3 – constant current discharge with a RSMS oxidation versus anode. 
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3.3: Alternatives Metals to Gold for RSMS 
 Blank Celgard, gold sputtered on Celgard, and the alternative metals sputtered on Celgard 
scanning electron microscopy (SEM) images are shown in Figure 38. It is important to note that 
a deposition with a total thickness of 50nm as measured with the AJA Orion deposition tool was 
comparable to a deposition of 25nm for the old sputter tool used for the gold sputtered Celgard. 
Images of the electropolymerization trials on the strips cut from these samples are shown in 
Figure 39. The ideal electropolymerization parameters are the same as gold at 0.2M pyrrole, 
0.1M NaDBS, and 0.5V. Only nickel sputtered Celgard was successfully electropolymerized 
with those parameters. A successful electropolymerization was visually determined as a full, 
even layer of PPy(DBS). Circled in red are examples of unsuccessful trials with exposed metal. 
The samples boxed in green were deemed successful. 
Figure 37: Real-time 4 – constant resistance discharge with a RSMS reduction versus cathode. 
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Figure 38: SEM images of blank Celgard and various metal depositions on Celgard. 
 
Figure 39: Electropolymerization trial results. 
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 Results of the cyclic voltammetry performed on the successful PPy(DBS) 
electropolymerization samples are shown in Figure 40, Figure 41, and Figure 42. Areal charge 
density and filling efficiency are noted for each sample and compared to the gold-based RSMS 
areal charge density of 0.3C/cm2 and filling efficiency of 42.0%. Areal charge density is the total 
charge movement during electropolymerization divided by electropolymerized area. Filling 
efficiency is calculated using Equation 3 and 4 below. In the calculation of maximum theoretical 
charge, the total electropolymerization charge is divided by 7 since there are 3 pyrrole monomers 
(losing 2 electrons each) per DBS- (an additional electron is lost for balancing DBS-) during 
electropolymerization [14]. 
 The cyclic voltammetry of the PPy(DBS) on nickel sample is shown in Figure 40 for 
small potential windows and a set of cycles at a larger potential window similar to the size of the 
potential window for the gold-based RSMS. The redox behavior was not as defined as the gold-
based RSMS, but there were still noticeable reduction and oxidation peaks. However, the current 
did not begin to level off near higher potentials in oxidation. The cycles with a smaller potential 
window would slowly decrease in current magnitude over multiple cycles, but the cycles with 
the greater potential window would increase over the cycles. Compared to the initial cycles with 
a smaller potential window, the smaller potential window cycles after large potential window 
cycles started out at much greater current magnitudes and stayed at those magnitudes. The areal 
 𝑀𝑀𝐶𝐶𝑀𝑀𝑆𝑆𝑀𝑀𝐶𝐶𝑀𝑀 𝑇𝑇ℎ𝐶𝐶𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝐶𝐶𝑒𝑒 𝐶𝐶ℎ𝐶𝐶𝐶𝐶𝑎𝑎𝐶𝐶 =  𝑇𝑇𝑒𝑒𝐶𝐶𝐶𝐶𝑒𝑒 𝐸𝐸𝑒𝑒𝐶𝐶𝑆𝑆𝐶𝐶𝐶𝐶𝑒𝑒𝑆𝑆𝑒𝑒𝑒𝑒𝐶𝐶𝑀𝑀𝐶𝐶𝐶𝐶𝑆𝑆𝐸𝐸𝐶𝐶𝐶𝐶𝑆𝑆𝑒𝑒𝐶𝐶 𝐶𝐶ℎ𝐶𝐶𝐶𝐶𝑎𝑎𝐶𝐶7  (3) 
 
 𝐹𝐹𝑆𝑆𝑒𝑒𝑒𝑒𝑆𝑆𝐶𝐶𝑎𝑎 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑆𝑆𝐶𝐶 =  𝐴𝐴𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒 𝐶𝐶ℎ𝐶𝐶𝐶𝐶𝑎𝑎𝐶𝐶 𝑀𝑀𝑒𝑒𝑀𝑀𝐶𝐶𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶
𝑀𝑀𝐶𝐶𝑀𝑀𝑆𝑆𝑀𝑀𝐶𝐶𝑀𝑀 𝑇𝑇ℎ𝐶𝐶𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝐶𝐶𝑒𝑒 𝐶𝐶ℎ𝐶𝐶𝐶𝐶𝑎𝑎𝐶𝐶 ∗ 100% (4) 
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charge density of the nickel-based sample was 0.35 C/cm2 and the filling efficiency for the large 
potential window was 31.9%. The areal charge density was very close to that of the gold-based 
RSMS which is desirable, as the thickness of the resulting PPy(DBS) is preferred for real-time 
operation of the membrane. The filling efficiency was slightly lower. 
 The redox behavior shown by the cyclic voltammetry of PPy(DBS) on nickel/titanium 
and aluminum/titanium samples in Figure 41 and Figure 42 respectively behaved similarly to the 
PPy(DBS) on nickel sample. However, these samples greatly differed from PPy(DBS) on nickel 
in their areal charge densities and filling efficiencies. The PPy(DBS) on nickel/titanium areal 
charge density was 1.27C/cm2 and the filling efficiency was 6.8%. The PPy(DBS) on 
aluminum/titanium areal charge density was 1.31C/cm2 and the filling efficiency was 8.6%. The 
areal charge densities required for a full, even layer of PPy(DBS) were much higher than the 
 
Figure 40: Cyclic voltammetry of PPy(DBS) electropolymerized on nickel sample. 
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nickel-based sample. The filling efficiencies were also very low in part due to the thicker layers 
of PPy(DBS) having more available sites, but the additional thickness prevented as many ions 
from reaching those sites. A summary of the electropolymerization trials as well as the resistance 
of each metal substrate is shown in Table 3 on the next page. 
 
 
 
 
 
 
  
 
Figure 41: Cyclic voltammetry of PPy(DBS) electropolymerized on nickel/titanium sample. 
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Figure 42: Cyclic voltammetry of PPy(DBS) electropolymerized on aluminum/titanium sample. 
Sputtered 
Metal 
Resistance 
(Ω) 
Successful 
Electropolymerization 
Parameters 
Areal Charge 
Density (C/cm2) 
Filling 
Efficiency 
Achieved (%) 
Au 4 
0.2M pyrrole 
0.1M NaDBS 
0.5V 
0.3 42.0 
Al 12 N/A N/A N/A 
Al/Ti 52 
0.4M pyrrole 
0.1M NaDBS 
0.75V 
1.31 8.6 
Ni 13 
0.2M pyrrole 
0.1M NaDBS 
0.5V 
0.35 31.9 
Ni/Ti 30 
0.2M pyrrole 
0.1M NaDBS 
0.75V 
1.27 6.8 
 
Table 3: Summary of electropolymerization trials. 
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3.4: Conclusions 
 In this chapter, the optimal melt tape parameters to provide effective sealing without 
damaging the RSMS were determined. The charge-discharge cycling performance of the pouch 
cell with a gold-based RSMS was shown to be comparable to the baseline pouch cells. Real-time 
testing of the pouch cell with a gold-based RSMS demonstrated the capability for the RSMS to 
reversibly shut down charging of the cell for 30 to 60 seconds or provide a power boost during 
discharging for approximately 60 seconds. Nickel was shown to be a potential candidate for 
replacing gold in the fabrication of the RSMS based on a filling efficiency of 31.9% for 
PPy(DBS) on nickel compared to 42.0% for PPy(DBS) on gold.  
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Chapter 4: Conclusion 
4.1: Contributions 
 The purpose of this research was to develop a fabrication method for lithium-ion pouch 
cells with a third active electrode, a reversible shutdown membrane separator (RSMS), and 
characterize the performance of these pouch cells. The use of a RSMS in a lithium-ion battery 
architecture has been demonstrated in a Swagelok cell in previous research [11], but not in a cell 
configuration used in commercial applications. An additional component of this research was to 
explore cost effective alternatives to gold in the creation of the RSMS, as gold is not desirable 
for production on any appreciable scale. A novel fabrication method for pouch cells with a third 
active electrode, a RSMS in this case, has been developed. An important aspect of the fabrication 
method is the melt tape parameters necessary to provide effective sealing and a reliable current 
lead for control of the RSMS. Characterization of the pouch cells with a RSMS has verified the 
ability to counteract thermal runaway by shutting down charging of the cell for a period and to 
allow for higher C-rates with a period of power boost while conserving the cell capacity. This 
research has demonstrated nickel is a potential candidate to replace gold in a RSMS for cost 
reduction and presented the steps for fabricating a lithium-ion pouch cell with a nickel-based 
RSMS. 
4.2: Future Work 
 This research has demonstrated the fabrication and performance of a single layer pouch 
cell with a gold-based RSMS. Nickel has been demonstrated to be a potential candidate for cost 
reduction in the fabrication of the RSMS. The functionality of a pouch cell with a gold 
alternative based RSMS should be demonstrated. Commercial applications would use multi-layer 
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pouch cells, so fabrication and characterization of multi-layer pouch cells with a RSMS must be 
investigated. While the single layer pouch cell fabrication method was created with the potential 
for roll-to-roll processing in mind, scalability of the process for mass production should be 
demonstrated and some adjustments may need made. The shutdown capability of cells with a 
RSMS must be validated under simulated thermal runaway conditions such as elevated 
temperature. For wider applicability, integration of a RSMS into other commercial cell 
architectures such as cylindrical or prismatic cells should also be explored. 
 The RSMS is a crucial component to these pouch cells, but thus far has been designed to 
build upon off the shelf battery separator material. Fabrication of the RSMS from the ground up 
should be studied and building a RSMS from an already conductive substrate of the right 
porosity could lead to greatly improved manufacturability, especially on the multi-layer and 
mass production scale.  
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Appendix A 
 
Figure A2: Drawing of die for waterjet cutting. 
 
Figure A1: Drawing of mask for waterjet cutting. 
